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ABSTRACT }%%’3'9

An investigation was made of various problem areas re-
lated to the definition of the base flow environment of
SATURN vehicles. This investigation included studies of:

(1) Integration Procedures in the Method of Characteristics
for a Reacting Gas, (2) Multiple Combustion Products Freezing
Point Determination, (3) Effect of Passage Through a Shock
Wave on the Properties of a Reacting Gas, (4) Specific Heat
Variation Through a Normal Shock, (5) The Applicability of
Latvala's Method of Circular Arcs for Predicting SATURN

Plume Boundaries, (6) Determination of Velocities in a
Turbulent Gas Stream from Scattering of a Monochromatic

Light Beam, and (7) Importance of Turbulence Intensity on

the Base Heating Problem.
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SUMMARY

An investigation was made of various problem areas
related to the definition of the base flow environment of
SATURN vehicles. The results of the investigation are sum-

marized below.

Part I - Integration Procedures in the Method of
Characteristics for a Reacting Gas. - An 1investigation was

made to determine the variation from one-dimensionality that
exists when using the one-dimensional form of the chemical
kineties equations to describe a two-dimensional flow by the
method of characteristics. It was concluded that an accurate
determination of the variation requires that a complete method
of characteristics solution be made of flow throughout the
entire nozzle and a comparison be made with values obtained

using one-dimensional flow equations.

Part I1 - Multiple Combustion Products Freezing Point
Determination. - An evaluation was made of various simplified

methods of treating the chemical kinetics of reacting gas flows
through the use of freezing point determinations of the chemical
reactions. It was concluded that the limitations associated
with the various simplified methods were not justified by

computation time savings over a complete ncnequilibrium solution.




Part III - Effect of Passage Through a Shock Wave on
the Properties of a Reacting Gas. - An investigation was made

of the suitability of various methods for computing flow para-
meters and compositions of reacting gases flowing through shock
waves. Sample computations were made for the following two
assumptions: (1) frozen composition through the shock, and

(2) equilibrium composition through the shock. TFor method-
of-characteristics solutions based upon conditions following

a shock wave, the calculated properties of the gas obtained
from the assumption of equilibrium composition more closely
represented the actual values than the results cbtained for

the frozen composition assumption.

Part IV - Specific Heat Variation Through a Normal
Shock. - A method is outlined for the determination of the

variation of the specific heat through a normal shock wave
using partition functions and temperature profiles. Recom-
mendations are made for the possible solution of this problem
by using experimentally determined temperature profiles and

relaxation times.

Part V - The Applicability of Latvala's Method of
Circular Arcs for Predicting SATURN Plume Boundaries. - A

comparison of plume boundaries predicted by Latvala's Method

of Ciprcular Arcs with photographs of the SATURN SA-1 exhaust
plume shows that Latvala's Method gives good agreement with
observed SATURN plume shapes at altitudes up to about 24 Km and

above about 50 Km.
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Part VI - Determination of Velocities in a Turbulent
Gas Stream Irom Scattering of a Monochromatic Light Beam. -

An analytical method was developed to determine mean flow
velocity and turbulence intensity from measurements of Doppler
shift and broadening of a monochromatic light beam scattered
from smoke particles suspended in a turbulent gas stream.

The application of this analysis to a representative set of
data showed that this method can in principle be used for

accurate measurements of turbulent gas stream velocities.

urbulence Intensity on the
gree of turbulence intensity

Part VII - Importance of T
Base Heating Problem. -~ A high de

has been observed in the base region of model tests experiencing
supersonic flow. The influence of turbulence intensity on
convective heat transfer to the base can be qualitatively
predicted if Richardson's empirical equation is used. The
difficulty of quantitative prediction is due to the lack of

a satisfactory method to relate the turbulence intensity to

the critical Reynolds number.

-viii-




PART I
INTEGRATION PROCEDURES IN THE METHOD
OF CHARACTERISTICS FOR A REACTING GAS
By
Beverly J. Audeh




INTRODUCTION

The analysis of chemically reacting gas flow fields
may be accomplished by including the chemical kinetic equa-
tions in the method of characteristics. The chemical kinetic
equations are usually integrated along streamlines using the
one-dimensional form of the equations. An investigation was
made to determine the error involved in using the one-dimen-
sional form of the chemical kinetic equations to describe a

two-dimensional flow field.
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LIST OF SYMBOLS

Velocity of sound

Gravitational constant

Specific enthalpy

Mechanical energy equivalent of heat energy

Specific reaction rate constants, forward reactions
and reverse reactions

Total number of reactions

Pressure

Speed

Slope of a streamline

Velocity component in x direetion

Velocity component in y direction

Distance coordinate

Distance coordinate

Stoichiometric coefficient of the i th species
in the j th reaction, reactions and products re-
spectively

Ratio of specific heats

Reaction parameter in axisymmetric flow.

Axis normal to streamline

Angle of inclination of the streamline relative
to axis of symmetry

Axis along streamline



mass fraction divided by mole-

[ Density

o Concentration:
cular weight.

Subscripts:

i Index

3 Index

k Index

n Number of reactions

T



DISCUSSION

The calculation of flow properties of a chemically
reacting gas through a two-dimensional nozzle can be accom-
plished by application of the method of characteristics
including chemical reaction equations. This calculation
requires the integration of the chemical kinetic equations
along streamlines. In order to integrate these equations,
approximations are made to reduce the flow equations to
one-dimensional form along the streamlines.

These approximations reduce the following set of

Equations (1-3) in two-dimensional form (Ref. 1):

Energy:
1 Jp g )P n higdly- 1) 1 )o
— e o e— - - k=0 (1)
p 2¢ yp dE j=1 c2 Zo | DE
i
Momentum:
q g P
q.é._=-... d (2}
€ DY
Continuity:
o 44
2 7k s — (3)
0t  nq




where

e qdx qly
and
n n ' "t
r [+ ZR I [+ N
g, = ¥ (a",. - a'y.s) kKes TT (po:) i3 - x_ . ﬁ(po-) lj]]
ST P S R [ B 4ep 12 by j=3 1

to the set of Equations (4-6) in one-dimensional form:

Energy:
10 g )p n r-h.gva -1 ] ) e
S Vv . - =0 (4)
p OX yp X j=1 c? Lo, dx
i
Momentum:
Y4 g Jp ,
Qx— = -— T (5)
}x P X
Continuity:
} %5 | %y
/1+t? (6)
X pq
where
t = tan ©

The degree to which Equations (4-6) represent an actual two-
dimensional flow depends on the uniformity of the flow. From

the equations, this implies that

9 8y v
de qix qdy
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and

3 vy wy

2 - — = —

bn q)x q;)y

approach

and

“
(oo

Q-
-

This is approximately correct if v/q is negligibly small and

*To b

2_of p, p, 0 or q is negligibly small. These conditions are
‘igquired for the flow within the finite interval of operation

of the method of characteristics from one point to the next
along a streamline to approach one-dimensional flow. For long
slender nozzles the one-dimensional representation is nearly
correct. TFor short rapidly expanding flows where large flow
inclinations along streamlines are involved, the one-dimensional
representation may not be appropriate.

Within the method of characteristics the flow equations
are applied along a particular streamline rather than over the
entire flow area, hence the inclination of the streamline
determines the accuracy of using the one-dimensional form of
the equations.

In Ref, 1, the variable t is introduced to partially

compensate for the two-dimensionality of the flow. In Eq. (6)



the arc length of the streamline is approximated by the
chord length (Fig. 1). The variable t is a measure of the
variation of the streamline from one-dimensional form. The
amount of variation from actual one-dimensionality enters
at each calculation of a point throughout the characteristic
net. An absolute determination of the total variation re-
quires a complete calculation over the entire nozzle and a
comparison with values obtained using one-dimensional flow
equations.

Equilibrium flow is a special case of a reacting gas

flow. Der (Ref. 2) treats equilibrium flow through an awisym-

metric expansion nozzle. Variation of velocity, degree of
dissociation, pressure, temperature, and frozen Mach number
across the nozzle-exit exists even though one-dimensional

chemical kinetic equations were used within the calculation.

CONCLUSIONS

Two-dimensional flows approach one dimensionality in
the limiting case. Solution by the method of characteristics,
however, is based upon a finite difference technique which
does not reach the limiting case. The amount of variation
from actual one-dimensionality enters into the calculation
at each point and affects the following points throughout
the characteristic solution for a two-dimensional flow.

An absolute determination of the total variation requires




a complete calculation over the entire nozzle and a compari -

son with values obtained using one-dimensional flow equations.

REFERENCES
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PART II
MULTIPLE COMBUSTION PRODUCTS
FREEZING POINT DETERMINATION
By
Beverly J. Audeh
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INTRODUCTION

The exact description of a reacting gas flow requires
complete evaluation of the coupled flow equations and chemical
process equations. For single reactions (Ref. 1, 2, and 3)
it has been possible to compute a freezing point as a result
of local conditions changing so rapidly due to nozzle expan-
sion that the reaction can not keep pace with the changes.
Calculation of the conditions in the nozzle downstream of the
freezing point is greatly simplified since the gas is treated
as if it were of fixed composition through the rest of the
nozzle. When multiple reactions are considered, the com-
plexity of the combined and coupled chemical reactions makes
definition of an accurate single freezing point difficult
since each reaction has a different freezing point. An
investigation was made to determine the accuracy limitations
and the computation time savings vresulting from the use of

freezing point determinations in complex reacting flow.

DISCUSSION

The Bray Method

The Bray method (Refs. 4 and 5) to find the freezing

point for complex reacting flow is based upon a check of each

-12-




reaction at every step of the calculation for freezing.
Application of this method requires knowledge of the effect
of each reaction on all the others. TFor complicated flow
with many reactions this can become a ponderous task. Overall
flow quantities (Ref. 6) obtained by the Bray method are com-
parable to those obtained using an exact finite rate non-
equilibrium solution. Concentrations are, nevertheless, not
as accurately predicted and the values can be used only
qualitatively. A further restriction that the number of
reactions involved must not exceed the number of chemical
species less the number of elements involved in the flow,

limits the cases to which the Bray method can be applied.

The Controlling Reaction Method

Another approach to determination of the freezing point
of a complex flow is to assume that the chemical action of the
gas mixture is controlled by only one of the reactions. This
method (Ref. 7 and 8) implies that the entire flow can be
treated as frozen as soon as the controlling reaction becomes
frozen. If there is a single controlling reaction and if that
reaction is judiciously chosen to determine the freezing point,
this technique leads to a close approximation of the actual
flow process. Assumption of a controlling reaction in the
process does allow elimination of some species and their
reactions on the basis of small equilibrium concentration.

The choice of the correct controlling reaction requires

~13-




extensive a priori knowledge of the flow which in many cases

is not available.

The Nonequilibrium Solution

Since both of the above techniques usually require a
nonequilibrium solution in the initial stages, all necessary
data for a complete nonequilibrium solution usually are avail-
able. With the application of modern digital computers, a
nozzle flow calculation for exact nonequilibpium kinetic
solution does not require excessive computer time. One example
(Ref. 9) of the calculation through the diverging section of
a nozzle required about 10 minutes of IBM 7090 time. Another
case (Ref. 10), in which the flow was calculated from the com-
bustion chamber through the converging section and the diverging
section of the nozzle to the exit, required a total of 2 hours
of IBM 7090 machine time. The greater part of this time,

1-3/4 hours, was used in computation of the flow field up to

the throat. The computation through the divergent, supersonic
portion of the nozzle requires a considerably shorter time than
the convergent, subsonic portion and the critical throat section.
While there is relatively small effect on nozzle performance
(Ref. 11) because of the slow change in properties in the

last part of the divergent supersonic nozzle, exact nonequili-
brium solutions can be obtained in reasonable computer times

without the limitations inherent in freezing point solutions.

~14-




An exact nonequilibrium solution for use with an existing
nozzle is outlined in Ref. 12. Since the exact nonequilibrium
solution is within reasonable time requirements, the assump-
tions and restrictions of freezing point calculations can be
avoided by using the exact solution in supersonic nozzle flow

analysis.

CONCLUSIONS

Evaluation of the method outlined by Bray and the method
of a single controlling reaction to determine an effective
freezing point indicates that the limitations on accuracy
resulting from the use of these techniques are not usually
warranted by computer time savings over the application of the

exact nonequilibrium solution throughout the nozzle.
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PART III
EFFECT OF PASSAGE THROUGH A
SHOCK WAVE ON THE PROPERTIES
OF A REACTING GAS
By
Beverly J. Audeh
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INTRODUCTION

The flow parameters of gases in a supersonic flow
field are often computed by the method of characteristics,
but this computation can not be extended across a shock
wave. When a shock wave is encountered the characteristic
net is usually allowed to approach the upstream side of the
shock front and is then restarted on the downstream side
of the shock, taking into account the change in properties
across the shock.
When chemically reacting gas mixtures are involved,
the evaluation of the properties along the restarting line
can be quite important. A finite time is required for a
mixture which has traversed a shock wave to reach its equili-
brium condition, If the restarting line of the characteristic
net is placed in such a location that equilibrium has not yet
been attained, the actual values of the physical properties
for the gas mixture at this point are between the frozen and
equilibrium values. The calculation of the physical pro-
perties behind a shock using both a constant specific heat
ratio case and an equilibrium case bracket the possible values
that will be present on the non-characteristics restarting

line.
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Subscripts:

a

b

LIST OF SYMBOLS

Mole fraction of A;, dimensionless

Specific heat at constant pressure, cal/g°K
Specific heat at constant volume, cal/g®K
Dissociation energy, Kcal/mole

Energy from the dissociation process, cal/g
Enthalpy, cal/g

Mechanical equivalent of heat, ergs/cal

Kinetic energy, cal/g

Pressure, atm

Gas constant, ergs/°K

Entropy, cal/g°K

Temperature, °K

Velocity, cm/sec

Stoichiometric coefficient of the i th species
in the j th reaction, reactants and products

respectively

Number of atoms of the i th atomic species in
the j th molecular species, atoms/molecule.

Ratic of specific heats, cp/cv, dimensionless

Density, g/cm3

First value obtained in the iterative process

Second value obtained in the iterative process
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Index
Index
Conditions ahead of the shock

Conditions behind the shock.
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DISCUSSION

Methods of Calculation

Two cases bracket the possible physical properties

behind the shock wave:

(1) th

[¢]

constant specific heat ratio case, and
(2) the case of equilibrium outside the shock region
but including real gas effects caused by the
shock.
The constant specific heat ratio case is solved using the
Rankine-Hugoniot equations with the physical constants ob-
tained from the initial conditions of the gas.

Calculation of equilibrium processes for a reacting
gas requires a dual iteration to obtain physical properties
of the gas which has passed through a shock wave. The first
of the iterations is required to obtain the equilibrium
partial pressures of the constituent gases at the assumed
temperature behind the shock wave. These partial pressures
are then used to obtain the energy of the gas and the new
molecular weight of the mixture. The iteration upon the
assumed temperature is checked by equating the energy made
available by the shock as thermal energy to the energy used
to raise the temperature and change the state of the gas.
This procedure is given in detail in the Appendix and in

Gaydon and Hurle (Ref. 1),

-21-




Availability of Computer Programs

Even for simple reactions the iterative solution is
long and detailed. For a system of reacting hydrogen and
oxygen in which at least eight reactions are considered of
importance at high temperatures and pressures (Refs. 2-u4),
the evaluation of equilibrium properties for a given tempera-
ture requires the use of a digital computer. Two computer
programs were found to be available. The program described
in Ref. 5 will calculate equilibrium properties including
ed products. A program constructed at Marshall Space
Flight Center by Mr. Klaus Gross (Ref. 6) is patterned after
that of Ref. 5. The program developed by Zeleznik and Gordon
(Ref. 5) is presently being modified to include Debye-Huckel
effects and ionization potential lowering effects but these
will not be considered here. These effects are of little
importance except at high temperatures and low pressures.

The physical properties of hydrogen and oxygen required
by the general equilibrium programs are available in Refs. |
5, 8, and 9. The above computer programs would require
certain modifications to enable read-out of the energy used
in the dissociation process. The dissociation energy is
required for the energy balance which determines the cor-
rect termination of the iteration. A program to handle the
entire iteration would essentially be an additional sub-
routine to either of the two equilibrium programs discussed
above.

-22-



Sample Computations

Hydrogen-Oxygen System. - To determine the applica-

bility of the computational procedures, one case for a
hydrogen-oxygen system was calculated. To enable the cal-
culation to be performed by hand, tables of thermodynamic
properties (Ref. 10) and tabulated values of dissociation
energies (Ref. 1) were used. This eliminated the first
iteration since equilibrium properties for given pressures
and temperatures were obtained by interpolation between the
values lieted. The initial conditions appiicable for both
cases considered; the conditions of the gas after it has
passed through a shock calculated for a constant specific
heat ratio case; and the properties of a gas with dissocia-
tion allowed in an equilibrium state after traversing a

normal shock are given in Table 1.
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Table 1.

Properties of a Hydrogen-Oxygen System

Initial Conditions

Constant
Specific Heat
Ratio Case

Dissociating
Equilibrium
Case

Py = 1 atm

Tl =z 700°K

hl = -2582.7 call/g

57 = 4.578 cal/g°®K

M - 1IN 0

--1 J.v.ng

c = (3.7940

Py cal/g®K

u; = 8.16 x 10°
cm/sec

Yl = 1.3303

Mach No. = 9.309
[Hll s 0.0

{H2] = 0.4960
(HZO] = 0.5040

fOH] = 0.0

p2/p1 = 38.81
T2/Tl = 14.98
T2 = 10,u430°K

pzfpl = §£.594

as = 1.150
cal/g®K

c = 0.7940

P2 cal/g®X

72 = 1.3303

[Hll = 0.0

[H23 = 0.4960

[HZO] = 0.5040

[OH] = 0.0

p2/p1 2 104,33
T2/T1 = 6.u429
T2 £ 4500°K
92191 = 13.035

As = 1.6627 l

cal/g®K

c = 5,638 ‘
Pa cal/g®°K !
Yy ® lf1628

[02] = 0.0077

[01] = 00,0308

(Hl] = 00,2143

{HZ] = 0.3886

[HZ)J = 0.2565

fOHY = 0.1021

Comparison of the results for the two cases indicates

that the specific heat ratio decreases from 1.3303 for the

frozen case to 1.1628 for the equilibrium calculation. The

specific heat for the frozen flow assumption remained 0.7340
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cal/g®K while in the equilibrium case it rose to 5.638 cal/g°K.
This case was arbitrarily chosen to determine whether the com-
putional procedure was correct. Since a hydrogen-oxygen
mixture is highly active, the experimental data collected to
date has been of experiments in which the reaction was re-
pressed by addition of inert gases. The reactions taking
place in the experiments are quite different from equilibrium
processes of a pure mixture of these gases. A comparison of
these computational results with actual experimental results

has therefore not been made.

Carbon Dioxide System. - A sample calculation for CO,

performed by Gaydon and Hurle (Ref. 1) listed values for both
the constant specific heat ratio case and real dissociating
gas in equilibrium case. The initial conditions of the gas;
the conditions of the gas after it has passed through a normal
shock calculated using a constant specific heat ratio; and the
properties of the gas when treated as a real dissociating gas

in equilibrium are presented in Table 2.

~25-




Table 2.

Properties of a Carbon Dioxide System

Constant Dissociating
Specific Heat Equilibrium
Initial Conditions Ratio Case Case
p; =1 atm Py/py = 140 pa/py = 150
Ty = 298°K T,/Ty = 18.75 T,/T; = 9.09
h, = 0 cal/g Ty, = §590°K T, = 2710°K

3.0 x 105 cm/sec

=
[
)

Mach No. = 11.15
y = 1.291
[co,1y = 1.0000

y = 1.291

[co,1, = 1.0000

p2/pl = 14.80

[o]? = 0.0092

[CO,1, = 0.7172

[CO]Z 0.1952

(0,1, = 0.0931

Comparison of density ratios behind the shock obtained

from theoretical and experimental evaluation of CO, are given

in Ref. 1l1. Shock thickness was arbitrarily defined in Ref. 11

as the thickness required for the density ratio to become

02/p1 = 6.0. This comparison was shown for several levels

of excitation of the vibrational modes.

this comparison is shown in TFig. 1.
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Placement of the Restarting Line

Vibration and dissociation relaxation times for co,
were found in Ref. 11 to be much longer than shock transit
times. For a shock velocity of 3.0 x 10S cm/sec the vibra-
tion time was found to be 2.67 times that of the shock transit
time and the dissociation time was 157 times longer. Assuming
that the gas was traveling at a velocity corresponding to
u, = uy/6, the gas will travel 50 mean free paths behind the
shock during the vibrational relaxation time and 3130 mean
free paths during dissociation relaxation time. All mean

- o ———l 9
ns O an oOriginad

free paths are calcul
pressure of 0.015 torr these distances were calculated to be
7.5 x 10-% mm and 4.5 x 10”2 mm respectively. |
Since the processes within a shock wave and the re-
laxation regions behind it are quite complex, the placement
of a characteristic restarting line sufficiently far down-
stream of the shock to insure that the gas would be in an
equilibrium state would simplify the procedure. The dis-
tance required for the flow to reach its equilibrium values
would appear to be negligibly small, i.e. 4.5 x 102 mm in
the CO2 example given above. Unless extremely rapid expan-
sion immediately following the shock is encountered, the
by-passing of this short distance will be unlikely to affect

the final characteristic solution.
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CONCLUSIONS

The chemical and physical properties of a gas computed
for the cases of constant specific heat ratio through a normal
shock and of the real gas in equilibrium after the shock,bracket
the possible conditions at specific distances behind a normal
shock. A comparison of the downstream properties obtained
from the two cases for a hydrogen-oxygen system show large
differences. Lack of experimental data for the Hy-0, system
precludes comparison of the computations with test results.
Available experimental data for a CO, system indicate that
the gas travels only a short distance within the dissociation
time after passing through a shock wave. The placement of a
characteristic restarting line sufficiently far downstream
of the shock to insure that the gas had reached its equili-
brium condition can be used to simplify the computation pro-
cedure. Unless extremely rapid expansion immediately following
the shock exists, the use of equilibrium properties along the
restarting line should not adversely a’fect the final character-

istic solution.
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APPENDIX

CALCULATION OF THE EQUILIBRIUM STATE
OF A REAL DISSOCIATING GAS

Given: pj, Tl’ Uy and gas composition at position 1.
Determine: Py Tz, 92/91 and final gas composition at position 2.
Assume: The gas exhibits the properties of a real gas at equili-
brium at positions 1 and 2.
Calculation Procedure:
{i) Assume a value
(ii) Determine the partial pressure or mole fraction
and the molecular weight M, of the shocked gas
using the assumed T, and p, in the following

equations:
] s ". N .
E a i3 Ai E "33 A1 (1)

[A.Ja"5
Keq. = ]nr-——l——- (2)

n
2- [Ai] = p, (3)
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1
MZ "—p—- Z (MI{Ai]) (“)
2

Number of Atoms of Element i Z;:
(s)

Number of Atoms of Element j
ji

(1ii) Use the partial pressures, [Ai]'s, and the value

of M, to obtain the value of h2 and A ED from

2
: [A.]
h, = A.1h (5)
2 1A,
M2p2 1
[A.],.
8 E, = ai.__—i_giii D, undiss. (7)
J PoM, i

{iv) Calculate 92l91 from the following equation using

the assumed T, and Py with M,:

P p T M
—2 . 22 . (8)

(v) Evaluate kinetic energy from

2 )
u P
K.E. = 1/2 —= | 1- [=L (9)
J 0,

{vi) Use the h2 from step (iii) to calculate (hy -~ hl)a

(vii) Compare the value from step (vi) with that obtained
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by

(h

- hy), = (K.E) - 8 E (10)

2 b

D

Ifl(h2 - hy), - (hy - hy)y|< €, an arbitrary
maximum allowable error, the iteration is com-
plete. Otherwise,another choice of T, is required
and the iteration repeated.

(viii) When the balance of energies is obtained, use the
02/91 ratio from step (iv) to evaluate a final

p.‘,/p1 from

2
p M,u P
2. 1+ 11 1 - 1 (11)
Py BT P2

(ix) Use this pp/py value with the final T, value to

obtain the final p,/py from the following equation:

Pa . [P2)\ [Ta\ (M)
—2 - (2 1y[_2 (8)
°1 Py \?2 M

(x) With the final T,, pz/pl, and °2/°1’ determine the
equilibrium composition of gas at station (2) using

step (ii).
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PART 1V
SPECIFIC HEAT VARIATION THROUGH
A NORMAL SHOCK
By

Beverly J. Audeh
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INTRODUCTION

The passage of a shock wave through a gas causes a
rapid change in the gas properties such as temperature and
pressure. The various energy modes that define the temp-
erature of the gas, however, do not adjust instantaneously,
or at the same rate, to the new conditions following the
passage of the shock. Scala and Talbot (Refs. 1 and 2)
investigated the relaxation of these energy modes and chose
a relaxation model with direct coupling between rotational
and vibrational temperatures and an indirect coupling through
the translational temperature. This model was used to cal-
culate temperature profiles through a normal shock. A method
is presented in this study to use these temperature profiles
to determine the variation of specific heats of a non-reacting

gas through a normal shock wave.
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LIST OF SYMBOLS

Rotational spectroscopic constant
Spectroscopic constant, defined by Eq. 17
Speed of light, cm/sec

Mean molecular speed, cm/sec

Specific heat at constant pressure, cal/g°K
Rotational stretching constant
Spectroscopic constant, defined by Eq. 18
Energy of i th state, cal/g

Electronic state

Quantum mechanical degeneracy of i th energy state
Planck's constant, erg/sec

Rotational quantum number for molecules
Boltzmann constant, erg/°K

Mean free path, cm

Mass, g

Partition funetion

Internuclear distance, cm

Entropy, cal/g°K

Symmetry factor

Temperature, °K

Vibrational state

Volume, cm3
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X Mole fraction of the j th component

X, Vibrational spectroscopic constant, cm'l

Yo Vibrational spectroscopic constant, em™1

z, Vibrational spectroscopic constant, em~1

o, Rotational-vibrational coupling constant

B Relaxation time, sec

Be Rotational-vibrational coupling constant

n Viscosity, g/cm sec

U Reduced mass of molecule

v; Average number of intermolecular collisions
required for relaxation

wg Vibrational spectroscopic constant, em™1

Subscripts:

e Dependence upon the electronic state

i Energy state index

int Internal energy state

j Species index

T Dependence upon the rotational state

trans Translational energy states
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DISCUSSION
Partition Funetions

The required partition functions are briefly described
here in a fashion similar to that given by Drellishak (Ref. 3).

The partition function for a single particle is defined as
~E;
Q =Zgi e kT (1)
i

where the summation is made over all allowable energy levels,

Ei‘ The energy levels, Ei’ can be written in more detail as

i Evrans * Ee + E (e) + Er(v,e) (2)

where: Etrans = translational energy of the particle
Eq 2z electronic excitation energy
Ev(e) = vibrational energy of a molecular constituent

E_(v,e)= rotational energy.
If the last three terms in Eq. 2 are called internal energy
nmodes, the energy of the particle can be written in the fol-

lowing form:

Ei = Etrans * Ein‘t ° (3)
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Because of the mathematical form of Eq. 2 and 3, the partition

function can be rewritten as

Q= Qtrans Qint ) ()
The sum over all translational energy states, Qtrans’
can be evaluated as
Qupans © (2maxT/n2y3/2 y (5)
and over all internal energy states, Qint’ as
~E@ _5L£53 fEr(e,v)
9 = kT kT kT
int Be © gy © Ep © :
Ay
e v r
(6)

where the summations over e, v, and r mean that the summations
are to be taken respectively over all allowable electronic,

vibrational, and rotational energy states of the particle.

Rigid Rotator-Harmonic Oscillator. - For cases in which

the temperature levels are limited, the simple representation
by a model of a rigid rotator-harmonic oscillator gives much
useful information. For this model the vibrational energy

can be written in the following form:

E_ = hew_, (v + 1/2). (7)
v e
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If the energy is referenced to the zero point vibrational

energy, E (e), Eq. 7 can be rewritten as

E,(e) - E (e)

T w,V (8)

where: w_ s .

The equation for the allowable rotational energy states may

be written as

E
—’-‘:BeJ(J'el) (9)

1e

—

where:
h
B =-‘-—~—3- . (10)

Bxcure
Eq. 10 represents indirectly the moment of inertia of the
rotator.

The symbol J in Egq. 9 is the rotational quantum number
which can take on all integer values. In the definition of
Be’ the value of the reduced mass, u, of the molecule is

defined as
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The degeneracy corresponding to the rotational mode

is
Ep = 20 + 1, (11).

Using the reference level as the zero point vibration energy

and with g, = 1 for all v, the vibrational partition function

- - hew, v
)
Qv = Z e . (12)

V=0

is written as

En 19
—\1 e &

may be Tewritten as

- (hcwe> -1
kT
Q = 1—e .

\4

(13)

Using Eq. 9 and 11, the rotational contribution to the internal

partition function becomes

- Cch J(J + 1))
l - g
Q =— z (2d + l)e kT ] (14)
r s! J=c

In Eq. 14, s' is a symmetry factor which is two for symmetrical

diatomic molecules and one for unsymmetrical diatomic molecules.
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Coupled Vibration and Rotation. - When temperatures

higher than the limits of applicability of the rigid rotator-
harmonic oscillator occur, the effect of coupling between the
vibration and rotation modes must be included. In this case
a semi-empirical expression is needed to represent the vibra-
tional energy accurately. The following equation is formulated

for that purpose:

E,(e)
he

= wglv + 1/2) - w, x, (v + 1/2)7 4

g YoV + /)% + u_ z (v + /DY + ... Q15)

where w,. X

e Xeg» +.. are spectroscopic constants.

Because of coupling, the rotaticnal energy is now

written as

En(e,v) ) ) 9
— = B J(J 4+ 1) - DI+ 1) (16)
he v v
where: Bv s Be - ag (v +1/2) 17)
Dy 3 Dg - Bg (v + 1/2) (18)
3
u Be
D = >
e wg . (19)

The last term, Dv J2(J + 1)2, accounts for the centrifugal

T




stretching effect which may be considered as the potential
energy of rotation.

Just as placing limits upon the temperature considered
could make the rigid rotator-harmoniec oscillator applicable,
the temperature limits can be set such that ionization effects
are of negligible importance. This limitation eliminates the
evaluation of the partition function for electronic excitation.
In this restricted case, the partition function can be described

by the translational, vibrational, and rotatiocnal modes.
Evaluation of the The Thermodynamic Properties
To obtain the thermodynamic properties the partition _ ’

functions calculated are used in a systematic method. The |

entropy may be evaluated from the following equation:

Si = K 10g Qi + Xk Ti . (20)
Using these values of entropy in
38.
cC =T = (21)

Pi i JT; >

the contribution from the various energy levels to the
specific heat is obtained. The specific heat for species 3

is the sum of all the components.
C ""'ZC (22)
Py 1 P
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For non-reacting gas mixtures (Ref. u)

C (23)
where xj is the mole fraction of the j th component.

Introduction of Nonequilibrium Effects Into

Equilibrium Partition Function Equations

Application of these partition functions and thermo-
dynamic equations through a shock is dependent upon several
assumptions or restrictions. The most rigid restriction is
the necessity that these equations be used for equilibrium
conditions. The assumption that the temperature variation
through the shock occurs in a stepwise manner can be used
to satisfy this requirement. Though the temperatures of
the various modes are not necessarily equal, the modes are
assumed to be in equilibrium at their respective temperatures.
For example, this implies that the partition function for the
rotational mode can be written with the rotational temperature,
Tr’ as if the equilibrium temperature were this rotational
temperature. Since the temperature profiles were defined
in such a manner that they indicate the deviation from equili-

brium, the use of these component temperatures (Tr’ T,» and Tt)

in the partition functions provides a method to introduce

non-equilibrium effects and still allow application of equilibrium
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equations. After the individual partition functions are
evaluated, the differing species are treated as ideal gases

and combined as a mixture of ideal gases.
Temperature Profiles

A mathematical model of the temperature in which there
is direct coupling between T, and Tv’ and indirect coupling

through T, was developed by Talbot and Scala (Ref. 2). The

t
shock wave strengths were arbitrarily picked. The number of
intermolecular collisions reaquired to reach a state of equili-
brium is not yet well established. The temperature profiles
mentioned above are determined for parametric values of the
molecular collisions required for equilibrium to be attained.
A relaxation time, 3;, may be related to the average number,
¥;» of intermolecular collisions. The mean molecular speed,
¢, and the mean free path, L, are also involved with this
relation in the following manner:

T R T

B: = z . ' (24)
* c 4 p

Experimental values for relaxation times are limited
in quantity. Some values for relaxation times are given for
shock waves in CO, in Ref. 5 and for N, in Ref. 6.

Use of the above equations allows an approximate deter-

mination of the value of v corresponding to the experimentally
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determined relaxation time, By - Using these ¥; values, a
calculation of the temperature relaxation profiles using

the model outlined by Talbot and Scala will provide a check
upon the accuracy of the model itself, If there is sufficient
accuracy of the model, available experimental values of
relaxation time would provide temperature profiles through

other shock waves.

RECOMMENDATIONS

1. Experimental values for temperature prcfiles and relaxa-
tion times are available for normal shock waves in CO,.
It is recommended that these relaxation times be used
to calculate temperature profiles using the mathematical
model with both direct and indirect coupling of the
temperatures.

2. If the mathematical model is then determined to be suf-
ficiently correct, relaxation times can be used to evaluate
temperature profiles throughout other shock waves.

3. It is recommended that the use of equilibrium partition
functions to determine specific heat variation through
a shock should be extended to include reacting and ioniz-

ing gases.
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PART V
THE APPLICABILITY OF LATVALA'S METHOD
OF CIRCULAR ARCS FOR PREDICTING
SATURN PLUME BOUNDARILS
By
L. H. Usher
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INTRODUCTION

The exhaust jet of a rocket engine expands until the
jet boundary pressure is equal to the ambient pressure. With
operation at high altitudes, adjacent rocket engine exhaust
plumes may impinge mutually and interact with the free stream,
thus resulting in reverse flow of hot gases and in other

phenomena associated with base heating of vehicles. It is

bae

desirable, therefore, to be able to predict changes in the
plume boundaries due to change in altitude.

There are several methods of approximating the shape
of the exhaust plumes which do not require the use of lengthy
computations. The method of circular arcs as presented by
Latvala (Ref. 1) is an empirical method of approximating the
initial shape of the plume boundary. Using this technique,
useful approximations of the plume shape near the nozzle
exit may be calculated very readily for expansion of a single
supersonic jet into quiescent air, but mutual jet interaction
for clustered engine configurations and flight aerodynamic
interference effects are not considered. It is the purpose
of this investigation to determine whether Latvala's method

may be applied to prediction of flight plume boundaries for

such vehicles as the SATURN.
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DISCUSSION

Comparisons were made between plume boundaries pre-
dicted by Latvala's method and visible plume boundaries shown
in photographs of the SATURN SA-1 flight. Photographs of the
SATURN SA-1 flight were obtained for the portion of vehicle
trajectory between 11.71 Km and 49.22 XKm. The luminous out-
line of the plume boundary was visible in these photographs
and was traced as shown in Tig. la thru Fig. 1lL. This luminous
outline is assumed to approximate the true plume boundary.

The plume boundaries as observed in these photographs
are slightly distorted due to the changing attitude of the
vehicle with respect to the point of observation. Over the
altitude range under observation, however, this distortion
is considered negligible. Other effects which might create
some error are the vehicle angle-of-attack and engine tilt.
These effects, also, are considered negligible.

The pressure altitude corresponding to each of the
photographs was taken from Ref. 2. A Prandtl-Meyer expan-
sion from the nozzle lip to this pressure altitude was used
to calculate the inclination of the circular arc plume boundary
at the nozzle exit. The expansion was made from the 165K
thrust H-1 engine using the following equation,

alz\)l—\’j'.'en
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where:

a; = The inclination of the plume boundary at the
nozzle exit

v, © Prandtl-Meyer turning angle corresponding to
the pressure altitude to combustion chamber
pressure ratio, (Pc = 578 psia)

V3 = Prandtl-Meyer turning angle corresponding to
the nozzle exit Mach number, (Mexit = 3.12)

8, = The nozzle exit cone angle (= 9.25°).

The circular arc radius of the plume was obtained from Ref. 1
which gives an experimentally determined curve of (R/rj)
versus the nozzle exit Mach Number for the case of y = 1.4,

Then the following equation (Equation (2) of Ref. 1),

(y + 1)(5 + M§)

12 [1 +y-1 M?]

(R/rj) = (R/rj)l.u
2 3

where:
R = Radius of circular arc

Radius of jet exit

3
"

=
]

Mach number at jet exit

Specific heat ratio

-
it

was used to correct the radius ratio (R/rj)l y to the proper
specific heat ratio. A specific heat ratio (y) of 1l.1l4, which
is characteristic of the engine under consideration, was used

in these calculations.
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Circular arc approximations of the plume boundaries
are shown in the figures for comparison with boundaries ob-
tained from the photographs. At altitudes between 11.71 Km
and 24.86 Xm the approximations fit the flight plume boundaries
quite well as shown in Fig. la thru Fig. ld. At higher
altitudes, however, during the period of high free stream
dynamic pressure with the resulting aerodynamic interference
effects, the approximation does not compare favorably with the
photographs (Fig. le thru 1j). Favorable comparisons appear
to again be achieved at the extremely high altitudes of Figs.
1k and 1L. At this altitude, the free stream dynamic pressure
is

i d
nee again very csmall

interference.

CONCLUSIONS

Latvala's method of circular arcs appears to be useful
for the prediction of plume boundaries for the SATURN I
clustered engine configuration under flight conditions at
which free stream aerodynamic interference effects are not
severe. For the trajectory of SATURN flight SA-1 the method
gave good results over an altitude range up to about 25 Km

and above about 50 ¥m.
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PART VI
DETERMINATION OF VELOCITIES
IN A TURBULENT GAS STREAM
FROM SCATTERING OF A
MONOCHROMATIC LIGHT BEAM
By
S. J. Robertson
A. Datis

and

H. Y. Yen

-66-



INTRODUCTION

Marshall Space Flight Center (MSFC) is sponsoring
the development of an optical technique for velocity meas-
urements in gas flow. This technique is based on determina-
tion of veloecity from measurements of the Doppler shift of
a monochromatic light beam scattered from moving particles
suspended in the gas stream. The monochromatic light source
used in these measurements is a continuous beam helium-neon
gas laser with vacuum beam wavelength of 63282. The particle
suspension is produced by injecting smoke in the gas stream.

This method was applied by the developing contractor
to the measurement of velocities in a turbulent gas stream
flowing through a 1" x 3" rectangular test section. Due to
the turbulent velocity fluctuations, the measured Doppler
shift frequency of the scattered light beams varied over a
spectrum corresponding to the varying velocities in the
fluctuating flow.

Heat Technology Laboratory has developed the theoret-
ical technique for reduction of the data and performed an
analysis of the measured Doppler shift frequencies to deter-
mine the relationship between the Doppler shift frequency

spectrum and the veloecity fluctuations in the gas strean.
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THEORY

The analysis of the Doppler shift frequency spectrum
is treated below in a manner similar to the treatment of
the Doppler broadening of line spectra.

The Doppler shift frequency, foo in cycles per unit
time of a monochromatic light beam scattered from a moving

particle is given by:
fD = (§ - &o) . X (1L

o is the

where § is the wave vector of the scattered beam, 5
wave vector of the incident beam, and X is the velocity
vector of the particle.

The vectors § and &o have their directions in the

direction of propagation and absolute values:

1 1
k| =— and |k¢| =— (2)
A Ao

where A is the wavelength of the scattered beam and A, is
the wavelength of the incident beam. X is assumed in this
analysis to be equal to i,.

The instantaneous velocity vector X of a single moving

particle in the gas stream may be represented by:

V=V+v (3)
-+ -+ -+
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where Y is the mean flow velocity vector of the gas stream
and v is the superimposed turbulence velocity vector.

For purposes of this analysis, the fluctuating velocity
v will be assumed to be completely isotropic, with a Gaussian

probability distribution of velocities given as follows:

B
s -2y 2
f (vx) = = exp (-B<v,*)
b 2, 2
f (vy) z -; exp (-8 vy ) (%)
¢ 2, 2
f (vz) = —:— exp (-8 v, )

in analogy with the kinetic theory of gases. The parameter
B is a measure of the "width" of the turbulence veloecity
distribution curve and is related to the root-mean-square

of a turbulence velocity component as follows:

— o 1/2 1
2 2 -
v,© ® )/;x f(vx) dvx z =y (5)

-~

The intensity of turbulence, T, is usually defined
for isotropic turbulence as the ratio of the root-mean-square
of a turbulence velocity component to the magnitude of the

mean flow velocity vector:
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T = = (6)

The experimental setup for measuring the Doppler

shift frequency spectrum is shown schematically as follows:

X{ lGas Laser

/ 1# I  Laser Beam
I

—
4
Q

“Scattered Beam

Photomultiplier k-ko
To Spectrum

Analyzer x Direction

The Doppler shift frequency from Eq. 1 is given as
follows for a rectangular coordinate system with the x

direction in the direction of (k - k)
-> -

1 0
fD = (k- ko) .V =-;— (Vsin 6 + 2 v, smn—;) (7)

(]

Scattering from particles with velocities with com-
ponents in the range dv, will result in Doppler shift fre-
quencies in the range de as follows:

.8
2 sin¥
d v (8)

A X
(-]

afy, =
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The number of scattered beams in the frequency range
dfy will be proportional to the number of particles with
velocity components in the range dv,:

2 sin-i

7 de = J -2 dvx = X

3 2, 2
——— e-B v
2o /1

X dvx (3)

where J represents the spectral intensity of the scattered
radiation and K is a proportionality constant.

Substituting the expression for v, obtained from Eq.
7 and rearranging yields the Doppler shift frequency spec-

trum:

(10)

where J° is a new constant.
It can be seen from Eq. 10 that one can obtain the

mean flow velocity V from the experimental data as follows:

(£)
¥ = D 'peak

sin §

Ao
(11

where (fD)peak is the Doppler shift frequency at the peak
spectral intensity.

The value of 8 can be obtained by plotting the log-
arithm (to base 10) of the spectral intensity J as a function

of [fy A, - V sin 61%2/4 sin? (e/2). From Eq. 10 it can be
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seen that this plot should result in a straight line the

negative slope of which is 82/2.303:

g = ¥/2.303 (-slope) (12)

RESULTS

A sketch of the measured Doppler shift frequency
spectrum, showing the calibration lines, is presented in
Fig. 1. The curve is observed to display the Gaussian shape
predicted by Eq. 10. The peak intensity is found to occur
at a Doppler shift frequency of 8.8 megacyles. TFrom Eq. 11,
this corresponds to a mean flow velocity V of 33.7 m/sec.
This value agrees very closely with the value of 35.3 m/sec
obtained by a pitot tube measurement.

The value of B in Eq. 10 was found by plotting in
Fig. 2 the logarithm (to base 10) of the spectral intensity
obtained from Fig. 1 as a function of the parameter

[f. A, - V sin 68)2/4 sin? (8/2).

D °

The straight line fit was found by the method of least
squares. The value of 8 was determined from Eq. 12 and

utilized in Eq. 6, along with the previously determined
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value of mean flow velocity V, to obtain a turbulence in-

tensity value T of 13.u4 percent.

DISCUSSION OF RESULTS

The mean flow velocity determined from the peak in-
tensity of the Doppler shift frequency spectrum is in ex-
cellent agreement with the velocity measured by pitot tube,
This would leave little doubt as to the utility of the
optical Doppler shift method in measuring mean flow velocities
in turbulent flows.

No corresponding measurements were made with which
to compare the turbulence intensity value of 13.4 percent.

A number of factors, however, could conceivably contribute

to increased broadening of the Doppler shift frequency
spectrum. The measurements reported herein were taken over

a time period of one minute. Any variation in the flow
during this time would broaden the measured spectrum. Also,
no account was made in the analysis for multiple scattering.
Furthermore, any vibration in the optical system could con-
tribute to the measured Doppler shift frequency. It is
considered that any of these possible errors, however,

could be held below acceptable limits through further refine-
ment of the method. Some error can, of course, be caused

by slip between the smoke particle velocity and the continuum

fluid velocity.
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3.

CONCLUSIONS AND RECOMMENDATIONS

The measurement of flow velocities in a turbulent gas
stream can in principle be accomplished accurately
through use of optical Doppler shift frequency measure-
nents.

It is recommended that comparisons be made of furbulence
measurements using this method and measurements using
other existing methods such as hot wire anemometers.

The scale of turbulence can be measured much the same
way as in hot wire techniques in which the velocity
correlation factor is determined as a function of dis-
tance between two measuring points. Two separate
velocity measuring systems are required. Due to
physical size of the laser beam equipment it is probable
that small traversing mirrors would be required for

moving one measuring beam system relative to the other.
REFERENCES
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PART VII
IMPORTANCE OF TURBULENCE
INTENSITY ON THE BASE
HEATING PROBLEM
By

Howard Yen
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INTRODUCTION

The flow field in the base region of multi-engined
rocket vehicles is complex and no satisfactory mathematical
model has been presented that will adequately describe the
flow field. Recent results of base region turbulence inten-
sity experiments (Ref. 1) show that a high degree of turbu-
lence intensity may exist when the model is experiencing
supersonic flow. It is known that the degree of turbulence
intensity affects the convective heat transfer rate.

W.V.R. Malkus has developed a theory of turbulent
shear flow (Ref. 2) and heat transport of thermal turbulence
(Ref. 3). The possible application of these theories to
regions of separated flow has been discussed by Hanson and
Richardson (Ref. 4). Richardson (Ref. 5) developed an empiricai
equation similar to Malkus' results to predict the heat transfer
coefficient in a separated flow region. The effect of turbulence
intensity has been included in Richardson's results by intro-
ducing the critical Reynolds number into the equation. The
purpose of the present study is to make some evaluation of
the applicability of Malkus' theory and Richardson's proposal

to the prediction of base heat transfer.
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DISCUSSION

Determination of Critical Reynolds Number

Theoretical Determination of Critical Reynolds Number. -

The critical Reynolds number may be determined theoretically
for flows experiencing small perturbations by means of the
Orr-Sommerfeld equation (Ref. 6). The results of calculations
based on the Orr-Sommerfeld equation are shown in the sketch
below (Ref. 7) for a two-dimensional boundary layer having

a two-dimensional disturbance.

ad

Req Re

The symbols used in the sketch are defined as follows:
Re = Reynolds number

Re, = Critical Reynolds number

a A quantity related to the wavelength of

disturbance by A = 2n/a

(-
"

Boundary layer thickness

A = Wavelength of disturbance.
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Reference to the above sketch shows that the smallest
unstable Reynolds number is the critical Reynolds number.
The critical Reynolds number for flow over a flat plate has

been determined to be approximately 420 (Ref. 7).

Experimental Determination of Critical Reynolds Number.

Laminar to turbulent boundary layer transition measurements have
been performed by several investigators who have found that the
transitional Reynolds number may be described as a function of

the following nondimensional parameters (Ref. 9):

Us §2 U 6§ € L u'
(Re)t =(}—i> = P(:- — ——y—y —y — ()
+ v dx r 6§ 6§ U

where (Re)t is the transitional Revnolds number, U is the
free stream velocity, 8§ is the boundary layer thickness, v
is the kinematic viscosity, dU/dx is related to the pressure
gradient, r is the radius of curvature, e is the surface
roughness, L is the scale of turbulence, and u'/U is the
turbulence intensity.

No satisfactory function has been obtained which will
completely define the experimental critical Reynolds number.
An experimentally determined critical Reynolds number for
flow over a flat plate with a moderately small turbulence
intensity is Re = 3 x 105 where the subscript x refers to
the wetted length. Conversion of the characteristic length

from wetted length to boundary layer displacement thickness
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gives a critical Reynolds number of Rea* = 950 (Ref. 8)
compared to the theoretically determined value of 420.
Instrumentation response time prevents the determination

of the initial flow disturbances and is believed to be the
major factor causing the discrepancy between the theoretical

and experimental values of critical Reynolds number.

Methods of Heat Transfer Prediction by

Malkus' Theory and Richardson's Correlation

Malkus' Theoretical Results. - Malkus' results of heat

transport by turbulent, fully developed free convection between

two parallel flat plates can be stated as

Ra 173 .
H/(p C.) = K B —_ (2)
o V -] (Rac)

where H is the heat transport, p is the average density, Cv
-]

is the specific heat capacity, K is the thermometric conductivity,

Bo is the negative temperature gradient between the plates, Ra

is the Rayleigh number, and Rac is the critical Rayleigh number.

By using the definition of the Nusselt number, Eq. (2) may be

Ra 1/3
Nu = ——-/) . (3)
Ra
c

rewritten as
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Richardson's Experimental Results. - Richardson (Ref. 5)

observed results of an experiment involving heat transfer from
the rear of a body immersed in a uniform flow to the region of
separated flow. It was found that the results were correlated
well by an equation of the form

Nu = A Re2/3 ppl/3,

(4)
In determination of the constant A, Richardson related his
results to Malkus' results by a concept of "paradox flow".

He found that the forced convection in separated floﬁ is
similar to free convection between two horizontal parallel
plates (Ref. 5). Taking the form of Malkus' results (Eq. 3),
Richardson found that the constant A may be related to the

critical Reynolds number by an equation of the form

1 2/3

A:(—) . (5)
Rec

Eq. (4) can, therefore, be rewritten as
Re « 2/3

Nu = (——— ) Prl/3 . (6)
Rec

Richardson demonstrated that Eq. (6) conformed fairly well

with experimental data.
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Influence of Turbulence Intensity

on Convective Heat Transfer

For extremely low turbulence intensities of the order
of T < 0.001, the critical Reynolds number can be increased to
3 x 10% for flat plate flow compared to a critical Reynolds
number of 3 x 10° at moderate turbulence intensities. It is
known that the degree of turbulence intensity affects the
critical Reynolds number on flows other than classical flat
plate flows.a From Eq. (6) the change of critical Reynolds
number will strongly affect the heat transfer rate. In recent
results of base regime turbulence intensity experiments reported
by Ref. 1, turbulence intensities of 40 to 100 percent have
been observed; therefore, it is evident that the effect of
turbulence intensity on convective heat transfer can not be

neglected in the base heating problem.
CONCLUSIONS

The Orr-Sommerfeld equation for instability is not
applicable to the problem of determining critical Reynolds
numbers in the base region of test models experiencing flow
with large values of turbulence intensities. Turbulence
intensities as high as 40 to 100 percent have been observed
on the base of test models experiencing supersonic flows.

Richardson's correlation is shown to be an empirical
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equation which relates convective heat transfer and critical

Reynolds number.
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